The conversion of polyconjugated aldehydes or alcohols into their corresponding acids was carried out using Acetobacter aceti. The analytical results were compared with those of the acids chemically obtained using a Horner-Wittig reaction.
Introduction
In recent years, the interest in polyconjugated systems has increased due to the antioxidant properties of these molecules. [1] [2] [3] Polyunsaturated aldehydes and alcohols have been evaluated in a number of biochemical and pharmacological studies, [4] [5] [6] which have identified their potential role as antioxidant and antiproliferative molecules. Polyconjugated aldehydes were obtained following Kuhn 7 and Blout 8 procedures by self-condensation of crotonaldehyde or by condensation between crotonaldehyde and acetaldehyde using piperidinium acetate as catalyst. The compounds obtained were subsequently reduced by NaBH 4 giving the corresponding alcohols. The aim of this work was the direct conversion of compounds 1 and 2 into the corresponding carboxylic acids 3 (Scheme 1). In the literature it is known that the conventional methods such as permanganate 9 or Jones reagent 10 could not be applied to a,b-unsaturated compounds since double bonds are affected under these conditions. Balkrishna et al. 11 suggested the use of sodium chlorite, but this method gave double bond oxidation with these molecules as well. Nevertheless, several methods [12] [13] [14] [15] are available for the synthesis of a,b-unsaturated carboxylic acids, but these reactions have low yields and did not allow the direct oxidation.
To overcome these synthetic problems, microbial cells endowed with dehydrogenases or oxidases able to perform the selective oxidation of aldehydes and/or alcohols under mild conditions can be employed. 16 Acetic acid bacteria are known to be particularly suited for carrying out these oxidations also on industrial scale. 17, 18 In this work, we have investigated the oxidation of different polyunsaturated aldehydes and alcohols catalysed by Acetobacter aceti MIM2000/28, a microorganism already used for a number of selective bio-oxidations. 19, 20 
Results and discussion
The direct chemical oxidation of polyconjugated aldehydes (1a-f, Scheme 1) with conventional reagents, such as potassium permanganate, Jones reagent and the Balkrishna method was unsuccessful.
The polyunsaturated carboxylic acids (3a-f) were obtained using an indirect method. The ethyl esters obtained by the
Scheme 1. Direct oxidation of polyconjugated aldehydes and alcohols.
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Tetrahedron j o u r n a l h o m e p a g e : w w w . e l s e v i e r. c om / l oc a t e / t e t A. aceti MIM2000/28 was used for the oxidation of the polyunsaturated aldehydes furnishing good yields compared with the ones obtained by chemical means (Table 1 ). The molar conversion decreased from 2,4-hexadienal 1a to 2,4,6,8,10-dodecapentaenal 1d; no reaction was observed with aldehydes having longer chain lengths (1e and 1f). This trend can be due to the lower solubility in water of the substrates with higher chain length and/or to the increased toxicity of the substrates towards the enzymatic systems. The biocatalytic oxidation of aldehydes 1c and 1d reached maximum conversion after 24 and 48 h, respectively; no change of substrate/product composition was observed at prolonged times. The time-course of the oxidation of 1d is reported in Figure 1 .
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The study was then extended to alcohols 2a-f, obtained by reduction of the corresponding aldehydes with NaBH 4 ; alcohols are generally more soluble in water, more stable and tend to be less toxic towards the dehydrogenases involved in these reactions. The results are summarised in Table 2. The oxidation of the different polyconjugated alcohols catalysed by A. aceti occurred with no detectable aldehyde accumulation, indicating that the second step of the oxidation (aldehyde into acid) is faster than the first one (alcohol into aldehyde). The occurrence of different membrane-bound dehydrogenases in acetic acid bacteria has been exhaustively studied; normally aldehyde dehydrogenases are more active than alcohol dehydrogenases so that aldehydes (potentially toxic to many enzymes) are not accumulated. 20, 22 The conversion of these substrates was higher than the ones observed starting from the aldehydes. The time-course of the oxidation of 2d is reported in Figure 2 .
The acid yields lowered by increasing the chain length of the substrate, as observed when aldehydes were used as substrate.
Conclusion
The use of a biocatalytic approach for the direct oxidation of polyconjugated aldehydes seems to be a promising and possibly general method to furnish acids in good yields. The analytical profile of the biotransformation products is comparable to the profile of the chemically synthesised acids; moreover, the 1 H NMR spectroscopic analyses confirm the all trans configuration of double bonds. MS analyses were performed by using a Thermo Finnigan (MA, USA) LCQ Advantage system MS spectrometer with an electrospray ionisation source and an 'Ion Trap' mass analyser. The MS spectra 24 25 a The reported data concern the maximum acid formation; extending the conversion time degradation phenomena begin.
Experimental section

Materials and methods
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Please cite this article in press as: Pini . Samples were mixed in a mortar with KBr (1:100) and pressed in a hydraulic press (14 tons) to small tablets, which were then analysed by transmittance technique with 32 scansions and 4 cm À1 resolutions.
All reagents, solvents and spectroscopic solvent grade employed for HPLC and MS analyses and DMSO-d 6 for NMR were purchased from Aldrich Chemical.
General procedure to obtain alcohols 2a-f
To a stirred solution of aldehyde 1a-f (2.2 mmol) in absolute ethanol (20 mL), NaBH 4 (3.3 mmol) in absolute ethanol (5 mL) was added under nitrogen. The reaction mixture was stirred at room temperature for 1-5 h (monitored by TLC). After distilled water (30 mL) addition, the aqueous layer was extracted with diethyl ether (3Â30 mL) and the organic layers were dried under sodium sulfate, filtered and then evaporated under reduced pressure leading to a residue, which was purified by recrystallisation. Low solubility of compounds 2e and 2f did not allow 13 C analysis.
Compound 2a
23
Reaction time: 1 h. Colourless oil; yield 90%.
Compound 2b
24
Reaction time: 1.5 h. Recrystallisation from petroleum ether gave a white solid; yield 90%; mp 99-100 C.
Compound 2c
25
Reaction time: 2 h. Recrystallisation from ethanol; white solid; yield 70%; mp 99-100 C. 
Compound 2d
General procedure to obtain acids 3a-f
Triethyl phosphonoacetate (4.52 mmol, 0.89 mL) was added under nitrogen to a stirred suspension of sodium hydride (4.82 mmol, 192 .85 mg of a 1:1 w/w dispersion in mineral oil) in anhydrous THF (20 mL) at 0 C. By maintaining this temperature the appropriate aldehyde (4.098 mmol) was added and the reaction mixture was allowed to stand overnight at 4 C. The mixture was then poured into ice water and the reaction product was extracted with diethyl ethers or precipitated in the reaction medium, filtered and washed with water. The ethyl esters were suspended in 5% KOH in methanol (50 mL) and refluxed for about 30 min. After cooling, the precipitate was filtered and washed with cold methanol. A solution of 5% aqueous HCl was added to the potassium salt until acidic pH was reached. Acids 3a-f were filtered and washed with a little amount of water.
Compound 3a
27
White solid; yield 23%; mp 125-126 C. 
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Microorganism
A. aceti MIM2000/28 from our collection (MIM: Microbiologia Industriale Milano) was employed. Microorganism was routinely maintained on GYC solid medium (glucose 50 g/L, yeast extract 10 g/L, CaCO 3 30 g/L, agar 12 g/L, pH 6.3, distilled water) at 28 C. The strain grown on GYC slants for 24 h at 28 C was inoculated into Erlenmeyer flask containing 50 mL of GLY medium (glycerol 25 g/L, yeast extract 10 g/L, pH 5, distilled water) on a reciprocal shaker (120 spm).
Biotransformation
According to substrate reactivity the culture rate of A. aceti MIM2000/28 employed was 200 mL for the biotransformation of compounds a and b and 600 mL for the other substrates.
The cultures were centrifuged (4000 rpm for 10 min) and suspended in 0.1 M phosphate buffers (100 mL) at pH 6.8. Polyunsaturated compounds dissolved in ethanol were added to the biotransformation system to give 1 mg/mL of substrate concentration and 10% of solvent.
Samples (250 mL) were taken at intervals, brought to pH 1 by addiction of 5% HCl, extracted with an equal volume of ethyl acetate and analysed by TLC (80% AcOEt/MeOH) and HPLC/DAD in the conditions as above described.
